Abstract. Leptin is a satiety hormone secreted from the adipose tissue and human placenta. We previously demonstrated that severe preeclampsia up-regulated leptin mRNA expression in the placenta and elevated maternal plasma leptin concentrations. Preeclampsia is frequently related to generation of small for gestational age (SGA) infant especially in cases with severe preeclampsia. However, it is still controversial whether the increase in maternal plasma leptin levels is associated with fetal growth restriction without complication of preeclampsia. Therefore, the aim of the present study was to explore the relationship between maternal plasma leptin levels and fetal growth in non-preeclamptic (n = 98) and preeclamptic (n = 40) women. In non-preeclamptic pregnant women, plasma leptin levels in SGA group (n = 11) were significantly higher than those in appropriate for gestational age (AGA) group (n = 87, P<0.05). In pregnant women with preeclampsia, likewise, plasma leptin levels in SGA group (n = 15) were significantly higher than those in AGA group (n = 25, P<0.05). In multiple linear regression analysis, maternal BMI, mean arterial blood pressure and ∆SD of neonatal body weight were significant factors for determining maternal plasma leptin levels in all population studied. Maternal BMI and ∆SD of neonatal body weight showed positive correlation with maternal plasma leptin levels when analysis was performed in non-preeclamptic subjects alone. In conclusion, maternal plasma leptin levels reflect, at least partly, deterioration in fetal growth.
LEPTIN is a peptide hormone that regulates energy homeostasis, reproductive functions, and immune reactions [1] [2] [3] [4] [5] . Leptin is mainly produced in the adipose tissue in non-pregnant human subjects [6] [7] [8] and its production is augmented by increased adiposity [6, 9] . Therefore, leptin serves as a metabolic signal reflecting adiposity to the neuroendocrine and reproductive systems. On the other hand, we and others have demonstrated leptin production from human placental trophoblast cells, which increases plasma leptin levels in pregnant women [10, 11] . We subsequently demonstrated up-regulation of plasma leptin levels during labor [12] . Thus, we focused on leptin as a trophoblastderived hormone in pregnant women [13] .
Preeclampsia is one of the most common disorders during pregnancy [14] . We previously demonstrated that maternal plasma leptin levels as well as leptin mRNA expression in the placenta are significantly increased in pregnant women complicated with severe preeclampsia [15] . Pregnant women with severe preeclampsia often manifest a reduction in uteroplacental blood flow, leading to fetal growth restriction [16] . Accordingly, we hypothesized that increased leptin production in the placenta of severe preeclampsia is associated with fetal growth restriction. Similar reduction in uteroplacental perfusion is observed in women complicated with small for gestational age (SGA), even without maternal hypertension [14] . Therefore, in the present study, we investigated the relationship between maternal plasma leptin levels and the disturbance of fetal growth both in non-preeclamptic and preeclamptic pregnant women.
Circulating leptin is bound to some leptin binding proteins [12, 17] , thus it form two different peaks, when eluted in gel filtration analysis, i.e., bound leptin and free leptin. We have demonstrated a rather constant percent free leptin ratio during pregnancy, despite elevated maternal leptin concentrations, indicating that leptin binding capacity is increased in pregnant women [17] . The physiological and pathophysiological implications of increased leptin and its binding proteins during pregnancy have yet to be fully elucidated. Therefore, we also analyzed the molecular forms of circulating leptin in preeclamptic and non-preeclamptic women with SGA neonates.
Materials and Methods

Human subjects
The present study included total 138 singleton Japanese pregnant women whose clinical characteristics were compiled from medical records. Preeclampsia was diagnosed according to the practice bulletin of the American College of Obstetricians and Gynecologists [18] . Hypertension was diagnosed when systolic blood pressure was 140 mmHg or higher and/or diastolic blood pressure 90 mmHg or higher. Mean arterial blood pressure was calculated from systolic and diastolic pressures. Proteinuria was defined as urinary excretion of 0.3 g protein or more in a 24 h urine specimen. In the present study, Caesarean section was performed in 26 cases because of fetal distress. SGA neonates were defined when their birth weight was less than 10 percentile of the mean at corresponding gestational age [19] . We divided preeclamptic women into two groups, preeclampsia with SGA neonates and preeclampsia with appropriate for gestational age (AGA) neonates. Non-preeclamptic women were also divided into two groups depending on fetal growth, namely, with SGA neonates or with AGA neonates. Delta standard deviation (∆SD) of body weight of neonates were calculated from the birth weight depending on standard Japanese birth weights [19] . Women whose neonates were complicated with anomalies or chromosomal abnormalities were excluded. The present study was approved by the ethical committee on human research of Kyoto University Graduate School of Medicine (No. 90) and conducted with informed consent.
Clinical characteristics of enrolled pregnant women
Clinical characteristics of enrolled pregnant women are summarized in Table 1 . As for maternal age and gestational age at blood sampling, differences among groups are noted. Maternal BMI in preeclamptic women with AGA neonates are higher than that in the other 3 groups. Maternal mean arterial blood pressure and ∆SD of neonatal body weight were different among groups as expected from classification of groups.
Preparation of plasma samples and assays
Plasma samples were collected within 3 weeks before parturition as described previously [15] . Briefly, blood was withdrawn at 0700 h-0800 h from the antecubital vein in a lateral recumbent position after an overnight fast, without labor pain. Collected plasma samples were stored at -20°C until use. Human leptin levels were determined by use of the RIA for human leptin, as previously described [15, 20] .
Gel permeation chromatography (GPC)
GPC was performed as described previously [20] on a Sephadex G-50 column (0.7 × 50 cm) at room temperature using PBS as elution buffer. Flow rate was 3 ml/h, and fraction volume was 1.0 ml. Column was calibrated with blue dextran and recombinant human leptin.
Statistical analysis
Statistical analysis was performed by ANOVA with Fisher's protected least significance difference (PLSD) test, Pearson's correlation analysis, or stepwise multiple linear regression analysis, where applicable, by StatView analyzer vers. 5 (SAS Institute Inc., Cary, NC, USA). All values are expressed as mean ± SEM. P values less than 0.05 were regarded as statistically significant.
Results
Maternal plasma leptin concentrations in preeclamptic women with SGA neonates (89.1 ± 16.3 ng/ml, n = 15) were significantly higher than those in any other group including preeclamptic women with AGA neonates (61.5 ± 9.2 ng/ml, n = 25, P<0.05) (Fig. 1) . Plasma leptin concentrations in non-preeclamptic women with SGA neonates (60.1 ± 12.5 ng/ml, n = 11, P<0.05) are significantly higher than those in nonpreeclamptic women with AGA neonates (35.1 ± 3.1 ng/ml, n = 87, P<0.001) (Fig. 1) . In preeclamptic women, 20 women delivered their babies by emergency Caesarean section due to fetal distress. Maternal plasma leptin concentrations from these 20 women (93.0 ± 14.0 ng/ml) were significantly higher than those from preeclamptic women without fetal distress (46.8 ± 11.2 ng/ml, n = 20, P<0.05). In a single correlation analysis, maternal plasma leptin concentrations were negatively correlated with ∆SD of neonatal body weight in all studied population (r = -0.302, P<0.001, n = 138, Fig. 2A ) as well as in non-preeclamptic women (r = -0.226, P<0.05, n = 98, Fig. 2B ), but not in preeclamptic population alone (n = 40, Fig. 2C ).
In order to examine the relationship between mater- nal plasma leptin concentrations and clinical characteristics of pregnant women, we performed a stepwise multiple linear regression analysis. Maternal age, gestational age at blood sampling, maternal BMI at sampling, mean arterial blood pressure at sampling and ∆SD of neonatal body weight were introduced to the analysis. As demonstrated in Table 2 , maternal BMI, mean arterial blood pressure and ∆SD of neonatal body weight were significant factors for determining maternal plasma leptin concentrations in all studied population. Among them, highest correlation was observed with maternal mean arterial blood pressure at sampling. In order to exclude the effect of maternal hypertensive disorders, we also performed a stepwise multiple linear regression analysis in women without preeclampsia. In this analysis, maternal BMI and ∆SD of neonatal body weight were determined to be significant factors for maternal plasma leptin concentrations (Table 2) . Although maternal BMI showed the highest correlation in these populations, ∆SD of neonatal body weight also had a significant contribution to maternal plasma leptin concentrations. Maternal ages and gestational ages at blood sampling did not contribute to plasma leptin levels in the analysis of all patients or in the analysis of non-preeclamptic women. In preeclamptic women alone, no variables showed significant correlation with maternal plasma leptin levels. GPC analysis showed that leptin like immunoreactivity in the plasma of pregnant women with AGA neonates had two peaks, a 10 kD free leptin fraction and an approximately 200 kD large fraction, probably leptin with binding proteins, as was reported in nonpregnant humans [21] (Fig. 3A) . In preeclamptic women with SGA neonates as well as in non-preeclamptic women with SGA neonates, plasma leptin like immunoreactivity also showed two similar molecular forms with a higher peak of free leptin as compared to that of pregnant women with AGA neonates (Fig. 3B, C) .
Discussion
We have demonstrated that leptin is a novel placenta-derived hormone in humans [11, 13] . We have also demonstrated that trophoblastic production of leptin is augmented in preeclamptic women [15] . In preeclamptic women, uteroplacental hypoperfusion is frequently observed, leading to growth restriction of the fetus [14] . Placental dysfunction is also suggested in non-preeclamptic women with SGA infants [22, 23] . However, it has been controversial whether placental leptin production has any correlation with deterioration in fetal growth. Lepercq et al. reported that maternal plasma leptin levels in normotensive pregnant women with SGA neonates were similar to those with AGA neonates, although the mRNA expression, as well as the content, of leptin was augmented in the placenta from normotensive pregnant women with SGA neonates [24] . A recent report by Laivuori et al. also found no significant relationship between maternal plasma leptin concentration and intrauterine fetal growth [10] . However, the number of enrolled women was rather small in these studies. On the other hand, Lea et al. reported that leptin expression is decreased in placenta from women with SGA neonates [25] . Therefore, we investigated the relationship between maternal plasma leptin levels and severity of fetal growth restriction in a larger number of pregnant women complicated with or without preeclampsia. Plasma leptin levels in women with SGA neonates were significantly higher than those in women with AGA neonates both in preeclamptic and non-preeclamptic subjects (Fig. 1) . These findings support the report from Pighetti et al. that normotensive women with SGA neonates have higher plasma leptin levels than those with AGA neonates [26] . Moreover, in the present study, we clearly demonstrated negative correlation between maternal plasma leptin levels and ∆SD of body weight of neonates in all studied population as well as in non-preeclamptic subjects (Fig. 2, Table 2 ). These findings suggested that maternal plasma leptin reflect severity of SGA in association with placental dysfunction in pregnant women.
In the present study, calculated maternal mean arterial blood pressure was another significant factor determining maternal plasma leptin concentrations. We represented the severity of preeclampsia by mean arterial blood pressure, because elevated blood pressure is the most important symptom of preeclampsia [14, 16] . These findings are compatible with our previous observation that severity of preeclampsia is associated with increased maternal plasma leptin levels, and that leptin mRNA expression in the placenta was increased in women with severe preeclampsia [15] . In addition, the present study showed that plasma leptin concentrations in women with fetal distress were higher than those in women without fetal distress. Placental hypoxia due to decreased blood flow and subsequent trophoblastic damage are common pathologies in preeclampsia, which may cause fetal distress in preeclamptic women [14, 16] . We have demonstrated that hypoxic condition augmented trophoblastic leptin production [15] . These findings suggested that maternal plasma leptin concentrations reflect acute deterioration of placental function that causes fetal distress. On the other hand, maternal plasma leptin concentrations do not correlate with ∆SD of body weight of neonates in preeclamptic population (Fig. 2C) . Deterioration of placental function sometimes advances rapidly in preeclamptic women accompanied with elevated maternal systemic blood pressure. In such cases, increased placental leptin production may take place, while fetal growth restriction may not become apparent in a short duration. On the contrary, in women with slowly progressing disease, maternal plasma leptin levels may not increase so highly in spite of more apparent restriction in fetal growth. We therefore speculate that placental hypoperfusion, but not fetal growth restriction itself, is associated with increased maternal plasma leptin levels in preeclampsia group.
Plasma leptin level is well known to be correlated with body adiposity in nonpregnant women. As for pregnant women, maternal BMI remains a significant determinant for plasma leptin concentration, as is the case in this study as demonstrated by multiple linear regression analysis. However, we have noted that the correlation between maternal BMI and plasma leptin concentrations becomes weaker during pregnancy, as compared with that in non-pregnant condition [10] . Therefore, we postulated that placental production of leptin may largely contribute to the circulating leptin concentrations in pregnant women. In order to clarify the relative contribution of placenta derived leptin in increased plasma leptin concentrations in SGA pregnancy, further studies with larger numbers of subjects, who have similar body adiposity, may be required in future investigation.
In recent experimental study in vitro, leptin was demonstrated to promote cytotrophoblasts to achieve a more invasive phenotype [27, 28] . Leptin also exerted a stimulatory effect on cytokine secretion and an inhibitory effect on progesterone secretion from human term placental trophoblast cells [29, 30] . These findings encourage us to investigate, in a further study, the pathological significance of elevated placental leptin production on trophoblast function in women with placental dysfunction.
Circulating leptin is combined with several leptin binding proteins. At least 2 leptin binding proteins (240 and 176 kD) have been detected in ligand binding blotting [21] . However, leptin binding protein was yet to be clarified precisely, and its physiological function is not well known. We previously demonstrated that in normal pregnant women, free-to-total leptin ratio in maternal plasma is constant throughout pregnancy [17] and during labor [12] . In the present study, protein binding leptin was eluted in one peak in GPC analysis using Sephadex G-50. The magnitude of free leptin fraction was similar to that of protein binding fraction in normal pregnant women (Fig. 3A) , which was compatible with our previous observation [17] . In contrast, the former is dominant in preeclamptic women and non-preeclamptic women with SGA neonates (Fig. 3B,  C) . Our pilot GPC study showed that leptin is present mostly in free form in culture media from dispersed trophoblast cells as well as BeWo cells, suggesting that leptin is secreted from placenta in free form (Mise H, Sagawa N unpublished findings). GPC analysis of placental extract from preeclamptic women showed free form dominant pattern (Mise H, Sagawa N unpublished findings). These findings also support our hypothesis that elevated placental production of leptin contributes to the increase of maternal plasma leptin levels in preeclamptic women as well as in non-preeclamptic women with fetal growth restriction.
In conclusion, the present study indicates that maternal plasma leptin levels correlate with the degree of fetal growth restriction originating from deterioration of placental function, suggesting a pathophysiological significance of increased leptin in pregnant women.
